INTRODUCTION
Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly population of developed nations, 1 and it can be divided into two major subtypes: dry AMD is marked by geographic atrophy, whereas choroidal neovascularization characterizes wet AMD. 2 The most common treatment strategy against wet AMD involves inhibiting vascular endothelial growth factor (VEGF) via intravitreal injections given every 4-8 weeks, depending on the therapeutic. Among anti-VEGF drugs, ranibizumab and aflibercept are US Food and Drug Administration (FDA) approved, while bevacizumab is popularly used off-label due to its economic advantages. The need for the frequent administration of injection-based wet AMD treatments makes it economically and procedurally burdensome, negatively affecting patient compliance. 3 As wet AMD is a progressive, degenerative disease, 2 negative patient compliance significantly threatens treatment outcomes, 4 illustrating the limitations of current therapeutics. Furthermore, previous studies have shown that sustained VEGF suppression may have adverse effects on the retina, 5, 6 raising further questions about the viability of conventional anti-VEGF therapies. With AMD projected to affect approximately 288 million patients by 2040, 1 the development of a gene therapeutic focused on a different target may prove a necessary and beneficial alternative approach to this growing global health concern.
Recently, we have described the effects of recombinant adeno-associated virus (rAAV)-mammalian-to-mechanistic (mTOR) short hairpin RNA (shRNA), an shRNA targeting mTOR packaged in rAAV2, in a laser-induced choroidal neovascularization (CNV) mouse model. Here renamed rAAV2-shmTOR-GFP, the virus vector was shown to effectively transduce mouse retinas and effect its antiangiogenic and anti-inflammatory properties, 7 thereby addressing some of the major symptoms of wet AMD.
Present in virtually all eukaryotic cells, mTOR is a serine-threonine kinase serving as the catalytic component of two separate complexes, mTORC1 and mTORC2. Each complex has its own attendant signaling pathway, and both interact with a variety of other. 8 As such, mTOR is involved in a vast number of cellular processes, and its dysfunction has been implicated in a number of disease states, including ocular disorders. 9 mTOR has subsequently been identified as a potential therapeutic target for wet AMD, 10 with mTOR inhibition proven to inhibit CNV both in vitro 11 and in vivo, 12 though the mechanism by which this occurs has yet to be elucidated. Earliest examples of mTOR inhibition utilized rapamycin or its structural analogs, which only affect mTORC1. This was followed by a number of groups attempting to simultaneously inhibit both complexes by blocking the phosphorylation of the downstream targets of mTORC1 and mTORC2. 13 In contrast, we used a program developed in-house called CAPSID (Convenient Application Program for siRNA Design) to design a novel small interfering RNA (siRNA) that directly downregulates mTOR, resulting in the inhibition of both mTOR complexes. 14, 15 Adeno-associated viruses are well suited for gene therapy applications because they are non-pathogenic in nature, transduce in dividing and non-dividing cells, and have the ability for long-term transgene expression. 16 This was confirmed in late 2017 when the FDA approved voretigene neparvovec-rzyl (Luxturna), which uses an rAAV2 to deliver a human retinal pigment epithelium (RPE)65 cDNA to treat Leber's congenital amaurosis resulting from a mutation in the RPE65 gene. 17 Additional studies have shown that retinal inflammation or a pathological state may actually enhance rAAV transduction, 18, 19 which is especially relevant for wet AMD gene therapeutics. rAAV2-shmTOR-GFP carried a GFP reporter gene in earlier studies, 7 but GFP's connections with cytotoxicity and immune responses 20 make its inclusion deleterious for a human gene The entire GFP expression cassette of rAAV2-shmTOR-GFP has been replaced with a stuffer DNA derived from the 3 0 UTR of the human UBE3A gene to produce rAAV2- therapeutic; the xenogeneic transgene has been removed and replaced with a stuffer DNA. We report here that the resulting virus vector, rAAV2-shmTOR-stuffer DNA (SD), was able to directly inhibit mTOR and was as efficacious in vivo as rAAV2-shmTOR-GFP in addressing CNV, the major characteristic of wet AMD. Furthermore, rAAV2-shmTOR-SD was shown to possess anti-apoptotic capabilities, once again demonstrating its suitability as a wet AMD gene therapeutic.
RESULTS
In Vitro Efficacy of rAAV2-shmTOR-SD mTOR inhibition in cells treated with the virus vectors was measured via qRT-PCR and western blotting ( Figure 1A ). rAAV2-shmTOR-GFP (0.38 ± 0.10, p < 0.001) and rAAV2-shmTOR-SD (0.43 ± 0.14, p < 0.001) administration markedly reduced mTOR mRNA levels relative to rAAV2-shCon (control shRNA)-GFP ( Figure 1B ). Western blotting confirmed that the virus vectors delivering the mTOR-inhibiting shRNA elicited significantly lower amounts of mTOR when compared to their counterparts containing control shRNA and that those containing the SD in place of the GFP transgene did not express GFP ( Figure 1C) . Quantification of the latter yielded mTOR protein levels of 1.00 ± 0.17, 1.00 ± 0.22, 0.36 ± 0.16 (p < 0.001), and 0.38 ± 0.11 (p < 0.001) for rAAV2-shCon-SD, rAAV2-shCon-GFP, rAAV2-shmTOR-SD, and rAAV2-shmTOR-GFP, respectively, relative to b-actin, used here as a protein loading control ( Figure 1D ).
In Vivo Efficacy of rAAV2-shmTOR-SD Western blotting was used to resolve proteins isolated from the retinas of the laser-induced CNV mouse model to demonstrate the in vivo activity of rAAV2-shmTOR-SD (Figure 2A ). Compared to the control group (2.63 ± 0.26) and those administered rAAV2-shCon-SD (2.16 ± 0.35), rAAV2-shmTOR-SD treatment resulted in markedly reduced mTOR expression levels (1.33 ± 0.17, p = 0.002) ( Figure 2B ). These results mirrored those obtained by immunostaining transverse retinal sections ( Figure 2C ). While GFP expression was absent in samples taken from these three groups, it was detected in frozen sections prepared from mice injected with rAAV2-shCon-GFP and rAAV2-shmTOR-GFP, showing that the SD achieved its purpose.
Along with this presence of GFP, the downregulation of mTOR observed in mice treated with rAAV2-shmTOR-SD and rAAV2-shmTOR-GFP, compared to their control shRNA-containing Anti-angiogenic Activity of rAAV2-shmTOR-SD
The anti-angiogenic activity of rAAV2-shmTOR-SD resulting from mTOR inhibition was demonstrated via fundus fluorescein angiography (FFA) and immunostaining whole mounts of RPE-choroid tissue. FFA was performed 13 days post-laser photocoagulation, which confirmed the formation of new vessels in the mock-treated control group ( Figure 3A ). Mice treated with virus vectors containing control siRNA along with either the SD (0.92 ± 0.09) or the GFP reporter transgene expression cassette (0.93 ± 0.09) showed little difference versus the control, whereas both rAAV2-shmTOR-SD (0.46 ± 0.07, p = 0.0021) and rAAV2-shmTOR-GFP (0.52 ± 0.07, p = 0.0026) exhibited significantly reduced levels of new vessel formation ( Figure 3B ). These results were verified by immunohistochemistry performed with anti-CD31 ( Figure 4A ). This revealed that CNV extensiveness was reduced to 0.26 ± 0.09 (p = 0.0036) for mice treated with rAAV2-shmTOR-SD from 0.89 ± 0.27 for those treated with rAAV2-shCon-SD, relative to mock-treated controls. This mirrors the results obtained from virus vectors containing the GFP reporter gene, with 0.86 ± 0.20 for the control shRNA and 0.36 ± 0.11 (p = 0.0038) for the mTOR-inhibiting construct ( Figure 4B ). As can be seen, rAAV2-shmTOR-SD was as effective as rAAV2-shmTOR-GFP, the virus vector characterized in our previous study, 7 in decreasing new vessel formation, thereby reducing CNV extensiveness.
Anti-apoptotic Effect of rAAV2-shmTOR-SD TUNEL assays performed on transverse retinal sections confirmed the presence of apoptotic cells speckled throughout the retinas of mock-treated mice and those administered with rAAV2-shCon-SD or rAAV2-shCon-GFP, including in the outer nuclear layer, inner nuclear layer, and ganglion cell layer. On the other hand, significantly fewer were found in mice treated with virus vectors expressing the mTOR-inhibiting shRNA ( Figure 5A ). Relative to the mock-treated control group, rAAV2-shmTOR-SD and rAAV2-shmTOR-GFP contained 0.27 ± 0.12 (p = 0.019) and 0.41 ± 0.16 (p = 0.028) TUNEL-positive cells, respectively, as opposed to 0.97 ± 0.29 for rAAV2-shCon-SD and 1.05 ± 0.29 for rAAV2-shCon-GFP, with the decrease showing that rAAV2-shmTOR-SD, much like rAAV2-shmTOR-GFP, has anti-apoptotic activity ( Figure 5B) .
DISCUSSION
Here we demonstrate the ability of rAAV2-shmTOR-SD to reduce CNV through mTOR inhibition in the retinas of a laser-induced mouse model. After verifying via qRT-PCR and western blotting that its intended effects upon the target molecule were as potent as the previously characterized rAAV2-shmTOR-GFP, 7 rAAV2-shmTOR-SD activity was further confirmed in vivo. When compared to both mock-treated animals and those treated with control shRNAs, rAAV2-shmTOR-SD was shown to decrease new vessel formation in the retina while also exhibiting anti-apoptotic qualities. These results mirror the effects of rAAV2-shmTOR-GFP, showing the suitability of the newly constructed virus vector as a potential wet AMD gene therapeutic and one able to overcome the shortcomings of currently employed anti-VEGF treatments.
3-6 rAAV2-shmTOR-SD, which replaces the GFP expression cassette with a SD, is a precursor to developing wet AMD gene therapeutics that are safe, sustainable, and effective.
The FDA has set forth its recommendations regarding the expression of transgenes for human gene therapeutics in a pair of publications. Specific to retinal disorders, a draft guidance suggests considering any inflammatory or immune responses resulting from the transgene, as well as potential local and systemic toxicities. 21 Additionally, expression profiles should be thoroughly assessed at the preclinical stage if the foreign nature of an expressed fusion or chimera protein may prove to be immunogenic, and also if aberrant expression of the transgene is known or suspected to induce toxicity. 22 Due to the characteristics of GFP and its effects, these considerations are particularly salient with regard to rAAV2-shmTOR-GFP.
Derived from the Aequorea victoria jellyfish, 20 GFP has been often linked to cytotoxicity, and cell death is a general effect associated with GFP expression. 23, 24 Compared to YFP (yellow fluorescent protein) and CFP, other fluorescent reporter genes, GFP was found to have a special toxicity. As a result, GFP is unable to be propagated as stable cell lines, which is possible with both YFP and CFP, with this toxicity observed independent of transfection. 24 With GFP-transfected cells exhibiting morphological changes associated with apoptosis as well as elevated levels of CPP32, 23 an apoptosis indicator, 25 it is possible that this is the mechanism by which cell death occurs. 23 A similar effect was observed in vivo, as the laser-induced CNV mouse model retinas treated with rAAV2-shCon-GFP had slightly elevated levels of TUNEL-positive cells compared to the mock-treated reference group. Furthermore, both SD-containing virus vectors exhibited decreased numbers of apoptotic cells compared to their GFP-expressing counterparts. While our results may not be especially significant statistically, this may be due to the relatively short time frame, with sacrifice coming 8 days post-intravitreal injection. If GFP had been able to be expressed for a longer period of time, its cytotoxic effects may have proved to be far more dramatic. GFP expression has also been associated with the generation of free radicals, 20, 23, 26 to the point where such cells may be considered to always be under oxidative stress. 27 As such, further pursuing the mTOR-inhibiting shRNA as a human gene therapeutic for wet AMD requires the removal of the GFP expression cassette. In addition to cytotoxic concerns, a portion of GFP has been found to serve as a natural epitope of MHC class I molecules. 28 This was confirmed in rhesus macaques, wherein GFP elicited a relatively vigorous cytotoxic T lymphocyte response, exclusively through CD8 + lymphocytes. 29 Furthermore, GFP inhibits polyubiquitination, thereby reducing nuclear factor kB (NF-kB)-and JNK-signaling pathway activation, among other disruptions of cellular processes. 30 Simply excising GFP from the virus vector, though, would be inappropriate due to the specifics of AAV production and activity. The inclusion of a SD is necessary to maintain proper genome size and ensure optimal packaging efficiency, 31 yet much of the research performed thus far on the characterization of SDs has involved those inserted into adenovirus vectors, which have a much larger carrying capacity. The optimal size for rAAV2, including transcription factors and inverted terminal repeats, has been reported to be 4.1-4.9 kb. Significantly larger viral genomes result in improper packaging, whereas virions resulting from smaller vectors are less infectious. 32 Controlling TP:IP (total particle-to-infectious particle) ratios in the production of gene therapy virus vectors is thus crucial, as variations to this value make it difficult to properly perform quality control functions. An additional complication is that rAAV2-shmTOR-SD utilizes a self-complementary AAV, which halves the capacity of the delivery vehicle, 33, 34 thereby reducing the size limit of a suitable prospective SD. Therefore, the much larger SDs used in adenovirus research, based on the hypoxanthine-guanine phosphoribosyltransferase gene or phage lambda, would be unsuitable for these purposes. 35 The latter is especially inappropriate due to base composition concerns, with phage lambda DNA having a GC content of approximately 57%. This is similar to that of wild-type adenoviruses (55%), whereas mammalian DNA generally has a GC content of 41%. This discrepancy is thought to be responsible for the poor performance of these stuffers in mammalian cell lines, which may result from an immune response initiated by the stuffer 35 that is linked to the xenogeneic origin of the GFP gene.
However, some SDs have been used in adenoassociated virus vectors, including one derived from the 3 0 UTR of the human UBE3A gene. 36 Taken between positions 994 and 2,740, its size (1.75 kb) ensures that the viral genome is not too large to affect packaging while not being too small to affect infectivity. As can be seen, replacing the GFP expression cassette with this stuffer did not reduce the ability of rAAV2-shmTOR-SD to address the symptoms of wet AMD, and, in fact, it was generally seen to mildly improve upon the performance of rAAV2-shmTOR-GFP. A microarray analysis additionally revealed no off-target effects resulting from use of the SD (data not shown). This confirmed the results of deep sequencing performed by Strobel and colleagues 36 showing that the SD was silent with respect to gene expression changes. While a detailed off-targeting study to confirm that the SD does not yield a gene product would not be inappropriate, this lies beyond the scope of this study.
As such, replacing the GFP expression cassette with a SD taken from the 3 0 UTR of the human UBE3A gene is a necessary step for developing rAAV2-shmTOR-SD as a potential gene therapeutic against wet AMD. Having thus verified its mTOR-inhibiting ability in vitro and its effectiveness in reducing CNV in a laser-induced mouse model, where it exhibited anti-angiogenic and anti-apoptotic properties, the future plans for this virus vector include additional preclinical studies. These include long-term efficacy and safety studies, as well as ensuring there are no neutralizing antibody effects from the use of the rAAV delivery vehicle, all of which have already begun. The latter studies are necessary because immune responses may decrease transduction efficiency, resulting in diminished treatment efficacy, and this is specifically noted in the FDA's draft guidance on human gene therapy for retinal disorders.
While the success of Luxturna has shown that rAAV2 is a suitable vehicle for human gene therapeutics, its subretinal delivery has the advantage of bypassing the immune surveillance of the retina. 37 On the other hand, while the intravitreal administration of rAAV2-shmTOR-SD is more convenient for patients and does not require the general anesthesia and vitrectomy associated 38 with subretinal delivery, a comprehensive neutralizing antibody study is pertinent and necessary. Nonetheless, rAAV2-shmTOR-SD shows promise as a potential gene therapeutic versus wet AMD, for which the substitution of GFP with a SD is a prerequisite.
MATERIALS AND METHODS

Preparation of rAAV2-shmTOR-SD
pAAV-shmTOR-GFP was prepared as previously described 7 and digested with ClaI and XhoI to remove the GFP expression cassette (CMV promoter [pCMV], GFP, and polyadenylation signal) and the 3 0 inverted terminal repeat (ITR). The human UBE3A gene fragment (accession number AH006486.2, position 994-2,740) attached to a 3 0 ITR flanked by EcoRI and XhoI restriction enzyme sites was obtained from GenScript (Nanjing, China). A linker oligonucleotide flanked with ClaI and EcoRI digestion sites was synthesized by Macrogen (Seoul, Korea). These fragments were ligated together to form the pAAV-shmTOR-SD construct, which was then used to produce rAAV2-shmTOR-SD. pAAV-shCon-SD was produced from pAAV-shCon-GFP in an analogous manner. All virus vectors used in this study were supplied by CdmoGen (Cheongju, Korea).
rAAV2-shmTOR-SD Characterization
Total RNA was prepared from ARPE-19 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), followed by the reverse transcription of RNA (2 mg) to cDNA using Superscript III (Invitrogen), and mRNA levels were analyzed using a SYBR Green kit (Invitrogen). Amplification was performed using primers specific to mTOR (forward, 5
0 -CCA CTGTGCCAGAATCCATC-3 0 ; reverse, 5 0 -GAGAAATCCCGACCA GTGAG-3 0 ) and b-actin (forward, 5 0 -TGAAGATCAAGATCATT GCTC-3 0 ; reverse, 5 0 -TGCTTGCTGATCCACATCTG-3 0 ).
For western blots, ARPE-19 cells were treated with the virus vectors at 700 MOI and then lysed after 48 h. Retinal tissue from the mouse models was set aside prior to whole-mount and frozen section preparations, treated with 0. 
Laser-Induced CNV
Prior to laser photocoagulation, the mice were anesthetized via intraperitoneal injection of a mixture of Zoletil (40 mg/kg zolazepam and tiletamine) from Virbac (Carros Cedex, France) and Rompun (5 mg/kg xylazine) from Bayer Healthcare (Leverkusen, Germany), and their pupils were dilated using Mydrin-P (0.5% tropicamide and 2.5% phenylephrine) sourced from Santen (Osaka, Japan). A 532-nm neodymiumdoped yttrium aluminum garnet PASCAL diode ophthalmic laser system (Topcon Medical Laser Systems, Santa Clara, CA, USA) was used for laser photocoagulation (200-mm spot size, 0.02-s duration, 100 mW), wherein five or six laser spots were applied around the optic nerve of the right eye only. Gaseous bubble formation at the laser spot indicated the rupturing of Bruch's membrane.
Intravitreal Injections
At 5 days post-laser photocoagulation, the mice were placed under anesthesia and their pupils were dilated. 35G blunt needles (NF35BL-2; World Precision Instruments, Sarasota, FL, USA) were used to intravitreally inject 1 mL virus vector at a concentration of 5 Â 10 10 viral genomes (vg)/mL into the right eyes only. Mock-treated animals were not subjected to intravitreal injections after the induction of CNV.
FFA
A Heidelberg Retina Angiograph 2 scanning laser ophthalmoscope (Heidelberg Engineering; Heidelberg, Germany) was used 13 days post-laser photocoagulation to observe the retinas of the CNV mouse model via FFA, as previously described. 39 After anesthetization and pupil dilation, 0.1 mL Fluorescite (2% fluorescein sodium solution) from Alcon Laboratory (Fort Worth, TX, USA) was injected intraperitoneally. FFA images were captured 3-5 min thereafter.
Tissue Preparation
The mice were deeply anesthetized using an intraperitoneally injected 4:1 mixture of zolazepam and tiletamine (80 mg/kg) and xylazine (10 mg/kg), followed by intracardial perfusion with 0.1 M PBS www.moleculartherapy.org (pH 7.4) containing 150 U/mL heparin and infusion with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). The eyeballs were enucleated for RPE-choroid whole mounts. The anterior segments, including the cornea and lens, were additionally removed to generate eyecups for frozen transverse retinal section samples. Eyecups were fixed in 4% PFA in 0.1 M PB (pH 7.4) for 2 h, transferred to 30% sucrose in PBS overnight, and embedded in Tissue-Tek, an optimal cutting temperature compound (Miles Scientific, Naperville, IL, USA), before preparing 10-mm-thick sectioned samples.
Immunohistochemistry and TUNEL Assay
To immunostain whole mounts, RPE-choroid tissues were incubated overnight at 4 C with anti-GFP (ab6556; Abcam, San Francisco, CA, USA), anti-mTOR (AF15371; R&D Systems, Minneapolis, MN, USA), or mouse anti-CD31 (550274; BD Pharmingen, San Diego, CA, USA) diluted 1:200 in PBS containing 1% Triton-X (PBST; Sigma-Aldrich). This was followed by three washes in PBST for 10 min apiece and incubation with AlexaFluor 532-conjugated goat anti-mouse (A21270; Thermo Fisher Scientific) for 2 h at room temperature. To perform the TUNEL assay, the manufacturer's protocol (12156792910, Roche, Indianapolis, IN, USA) was followed for the retinal section samples, washed in PBST three times for 10 min apiece, and then stained with DAPI (D9542; Sigma-Aldrich) to visualize cell nuclei. The whole mounts and retinal sections were examined with an LSM 700 fluorescence confocal microscope (Carl Zeiss, Jena, Germany), and images were captured using ImageJ software (NIH, Bethesda, MD, USA).
Statistical Analysis
One-way ANOVA testing was used for statistical analysis and significant differences were determined at p < 0.05, p < 0.01, or p < 0.001. Boxplot graphs were used to visualize the data and include significance and mean ± SEM values. 
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